Reliable information on belowground plant biomass is essential to estimate belowground carbon inputs to soils. Estimations of belowground plant biomass are often based on a fixed allometric relationship of plant biomass between aboveground and belowground parts. However, environmental and management factors may affect this allometric relationship making such estimates uncertain and biased. Therefore, we aimed to explore how root biomass for typical cereal crops, catch crops and weeds could most reliably be estimated. Published and unpublished data on aboveground and root biomass (corrected to 0-25 cm depth) of cereal crops (wheat and barley), catch crops and weeds were collected from studies in Denmark. Leave one out cross validation was used to determine the model that could best estimate root biomass.
Introduction
Soil fertility in agricultural systems is sustained through inputs of organic matter from plant residues and from applied manure and compost (Lal, 2004a,b) . These inputs contribute to carbon (C) storage and sequestration in soils, which in some cases may help to mitigate other greenhouse gas emissions (Powlson et al., 2011) . The plant inputs of C from both aboveground and belowground components are generally calculated from their plant biomass by multiplying with specific transfer (humification) coefficients (Chirinda et al., 2012; Kätterer et al., 2011) . However, unlike aboveground plant biomass, root biomass is difficult to sample and quantify. The C originating from roots can represent an important source for soil C storage (Warembourg and Paul, 1977) , not least because they may contribute more to stable soil organic C (SOC) pools than aboveground inputs (Kätterer et al., 2011) . Such considerations suffer from the fact that the amount of belowground C inputs is mostly not well quantified under field conditions (Smucker, 1984; Taylor, 1986) . The difficulties in measuring belowground C inputs means that other approaches have to be taken to estimate this component. Therefore, simple estimation methods have been proposed for estimating belowground C inputs, and these are used for accounting purposes and in many cases also for soil C modelling (Keel et al., 2017) .
Allometric estimation of root C inputs, where a certain (often constant) proportion of plant dry biomass is allocated to the root, is a commonly used method, for instance in national inventories of soil C changes (Johnson et al., 2006) . Estimating root biomass using fixed allometric ratios is based on the assumption that for specific species and environmental conditions, growth of roots and shoots are closely associated (Pearsall, 1927; Poorter and Nagel, 2000) . This assumes that the biomass allocated to roots is proportional to shoot biomass with a ratio determined by plant species and environmental conditions. As a consequence, the proportion is often a key parameter to estimate root biomass of crops under similar conditions. However, the ratio between the root and aboveground biomass varies between species and depends on environmental conditions (Bolinder et al., 1997 (Bolinder et al., , 2007 Campbell et al., 2000) .
Many studies have shown that the proportion of the net primary productivity that is allocated to the belowground part is sensitive to the environmental conditions, e.g. nutrient and water availability and tillage (Hodge et al., 2000; Muñoz-Romero et al., 2009) . Increasing N application will increase the growth of shoots, while N fertilisation has little effect on root biomass (Jenkinson, 1981; Anderson, 1988; Huggins and Fuchs, 1997) . Thus shoots and roots respond differently to particular environmental conditions. Even though the allometric ratio has been shown to vary considerably (Johnson et al., 2006; Gyldenkaerne et al., 2007) , it is widely used to estimate root biomass, e.g. in models of soil carbon inputs (Kätterer et al., 2011; Berti et al., 2016) . Although there is some evidence showing that root biomass seem to be constant for a certain species in a particular environment rather than varying if estimated from shoot biomass using a fixed allometric relationship (Chirinda et al., 2012) , this assumption has not been thoroughly tested.
Given the large uncertainties in current methods for estimating root C inputs, our objective was to compare methods for root biomass estimation, in particular the fixed allometric functions versus fixed root biomass. In this analysis we also explore which environmental and management factors affected shoot and root biomass of cereals, catch crops and weeds.
Methodology
Published and unpublished shoot and root biomass data from several field experiments in Denmark were collected. Mean values of each treatment were used to obtain statistically equal weight between treatments, and the data covered both cereal crops (Table 1) and catch  crops and weeds (Table 2) .
Cereals

Description of experiments
Data for cereal crops (winter and spring wheat (Triticum aestivum L.) and spring barley (Hordeum vulgare L.)) was collected from studies conducted at Foulum (56°30′N, 09°35′E) in western Denmark. Organic and conventional farming systems at Foulum showed no overall differences in topsoil (0-25 cm) properties, which was loamy sand soil (Typic Hapludult) with clay content of 88 g kg −1
. The soil pH was 6.5. Organic matter content was 38 g kg −1
. Soil bulk density was 1.42 g cm −3 . Average annual temperature and precipitation during 1961-1990 were 7.3°C and 704 mm. More information on soil properties was provided by Olesen et al. (2000) . Data from 2008 and 2010 were sampled in a long-term crop rotation experiment initiated in 1997 (Olesen et al., 2000) . Briefly, the experiment included two rotation systems, one inorganic fertiliser-based conventional system and one organically managed system in two replicates. All treatments were ploughed (Table 1) . More information on field management is given in Chirinda et al. (2012) .
Data from 2013 and 2014 were sampled in a field experiment established in 2002 under conventional management with four replicates. Generally, there were two factors: nitrogen fertiliser rates and tillage (ploughing and no tillage) ( Table 1 ). In 2013, nitrogen rates were 50 and 250 kg N ha
, while in 2014 they were 65 and 265 kg N ha −1 for the same sub-plots. More details on the experiment are given in Munkholm et al. (2008) and Hansen et al. (2011) . The mean climatic conditions during the spring period (March to May) are shown for these experimental years in Table 3 . The potential evapotranspiration was calculated using a modified Makkink method (Hansen, 1984) using temperature and global radiation as determining variables. A part of the root sample was heated at 650°C for five hours to determine the ash content, and final root dry matter was expressed as ashfree dry matter (Chirinda et al., 2012 Mutegi et al. (2011) in four replicates, Chirinda et al. (2012) in two replicates, Li et al. (2015) in three replicates sampled at Foulum (56°30′N, 09°35′E), from ThorupKristensen (2001) in three replicates at Aarslev (55°18′N, 10°27′E), and from Wahlström et al. (2015) in four replicates at Flakkebjerg (55°19′N, 11°23′E) ( Table 2 ). Topsoil (0-25 cm depth) at Foulum is described above for cereals crops. Topsoil of the same depth at Aarslev and Flakkebjerg were both classified as sandy loam (Typic Agrudalf) with clay content of 147 g kg −1 at both sites, and pH 7.0 and 7.4, respectively ( Thorup-Kristensen, 2001; Olesen et al., 2000) . The average annual temperature and precipitation were 8.1°C and 719 mm (during 1986-1998) at Aarslev (Mueller and Thorup-Kristensen, 2001 ), and 7.8°C and 626 mm (during 1961 -1990 at Flakkebjerg (Olesen et al., 2000) . Published data from Foulum (Chirinda et al., 2012; Li et al., 2015) was sampled from cropping systems under organic farming, except for weeds sampled in the inorganic fertiliser-based rotation system in Chirinda et al. (2012) . The data from Li et al. (2015) included two legume-based catch crops. Data from Aarslev was from a cropping system with vegetables under organic farming, where catch crops were sown after the harvest of green pea crops. Two of the treatments included legume-based catch crops with winter vetch (Thorup-Kristensen, 2001 ). The data from Flakkebjerg were from fodder radish sown after the harvest of spring barley in a conventionally managed cropping system (Wahlström et al., 2015) .
Measurements
At Foulum, Mutegi et al. (2011) sampled fodder radish in December by clipping the aboveground biomass at the soil surface from four subplots of 0.64 m 2 , and by extracting root from three soil cores in each replicate to 100 cm depth. Samples were then sub-divided at 20 cm, 35 cm and 60 cm depths. Chirinda et al. (2012) used the method for cereal crops also to measure catch crops in early November. Li et al. (2015) sampled catch crop roots in small frames (35 × 24 cm) down to 18 cm. The area covered two rows of catch crops. The root washing procedure was the same as in Chirinda et al. (2012) . At Aarslev, aboveground parts of catch crops were sampled in 1 m 2 just below ground level, and roots were washed out from two excavated soil blocks of 30 × 12 cm 2 area and 20 cm depth in November ( Thorup-Kristensen, 2001 ). Only visibly live roots were retained. At Flakkebjerg, aboveground parts of catch crops were sampled at soil surface in two 0.25 m 2 areas in November, and roots were sampled from three soil cores (8.6 cm diameter) vertically down to 100 cm depth, and subdivided at 20 cm, 35 cm, 55 cm and 80 cm depths (Wahlström et al., 2015) . To supplement these data, additional data were collected from catch crops and weeds sampled in December 2014 in the aforementioned long-term organic crop rotation experiment at Foulum (Olesen et al., 2000) in two replicates. Three types of catch crops following potato and spring wheat were sampled for shoot and root biomass. These catch crops were mixtures of species, i.e. fodder radish + rye, fodder radish + rye + vetch, chicory + perennial ryegrass + red clover + white clover. Also sampling was made in plots without catch crops, but with weeds. Shoots were separated on the basis of species, while roots were analysed as a pooled sample. A square of 0.5 m 2 was used for sampling of aboveground material in each plot. Inside the 0.5 m 2 square, an area of 35 × 24 cm 2 was chosen from within and from midway between crop rows. Aboveground plants inside the 35 × 24 cm 2 area were cut with scissors at the soil surface and collected in a plastic bag, whilst the remaining sample inside the 0.5 m 2 was collected in a second bag. Each sample was separated according to species groups and dry matter was determined after oven drying at 60°C for 42 h. Belowground biomass was determined for the 35 × 24 cm 2 area to a depth of 20 cm in each plot. The soil samples were stored at 2°C before root washing. The roots were first separated from the soil by passing through a 1-cm sieve. Large visible roots and those retained on the 1 cm sieve were collected, termed 'large roots'. The bulk soil passing the 1 cm sieve was mixed and subdivided into a subsample of 350-450 g, which was washed on a 0.425 mm sieve. The roots collected on this sieve are termed 'small roots' (Rasmussen et al., 2010) . Roots were further washed with tap water to remove minerals and collected on a set of sieves with mesh sizes of 2 mm, 1 mm and 0.425 mm. Subsequently, the collected roots and debris were placed in a tray, where white living roots were separated from dead organic matter (including decayed roots) based on colour and physical appearance (Muñoz-Romero et al., 2009). Living roots were oven-dried at 60°C for 42 h and weighed. A part of each root sample was heated at 650°C for five hours to determine the ash content, and final root dry matter was expressed as ash-free dry matter (Chirinda et al., 2012) .
Root biomass depth correction
Different farming systems and N managements showed little impact on vertical root biomass distribution of either cereal crops or catch crops and weeds (See Supplementary materials Table S1 in the online version at DOI: 10.1016/j.agee.2017.09.024), and similar results were also reported in Hirte et al. (2017) . Since roots were sampled to different depths in the various studies, we applied two different functions for the depth correction, one for cereals (Eq. (1)) and another for catch crops and weeds (Eq. (2)). This choice was based on previous studies and on available data. This was as far as possible validated against root biomass data from different depths reported in Supplementary material. Root dry matter measurements of cereal crops were converted to 25 cm depth according to the Michaelis-Menten function of root distribution with depth (z; cm) as used in Kätterer et al. (2011) for root depth distribution of small-grain cereals in southern Sweden.
Rm(z) is the fraction of total root mass to the soil depth of z (cm), z r is maximum root depth (z r was set at 150 cm), z 50 is the depth of 50% of the root mass (z 50 was for cereals in Sweden set at 10 cm). This means that 76, 80 and 91% of the roots are allocated to 25 cm, 30 cm and 60 cm soil depth, respectively. In this function, 88% of root biomass in 0-60 cm depth was estimated for 0-30 depth, which was close to the root vertical distribution of cereals in years 2008 and 2014 (Table S1 ). Roots of fodder radish sampled in Flakkebjerg were classified into 5 depths: 0-20, 20-35, 35-55, 55-80 and 80-100 cm (Wahlström et al., 2015) . Within 100 cm depth, recoverable root dry matter of catch crops in different depths was well described as (See According to Eq. (2), in soil depths of 25, 30 and 60 cm, root dry matter accounted for 62, 66 and 86%, respectively, of total root biomass in the upper 100 cm soil. This meant that 78% of the root present in 0-60 cm depth was recovered in 0-30 cm layer. This corresponded well to the root distribution observed for catch crops (with mainly ryegrass) and weeds, where the proportion of recoverable root biomass from 0 to 30 cm depth compared to biomass in 0-60 cm was between 68 and 77% (Chirinda et al., 2012) . Thus, the equation was assumed suitable and was used to convert root dry matter of catch crops and weeds from the measured depths to 0-25 cm depth.
Data analysis
The MIXED procedure of SAS (SAS Institute, 1996) was used to test which factors influence crop shoot, root and the allometric ratios (root/ shoot, shoot/root, shoot/(shoot + root) and root/(shoot + root) ratio): year, species (wheat or barley), seeding time (spring or autumn), tillage (ploughing or no tillage), farming system (organic or conventional management) and nitrogen fertilisation rate, where shoot biomass, root biomass and nitrogen fertilisation rate were used as continuous variables and other variables were categorical. We thus assumed that allometric ratios would depend on plant type and management. These allometric functions essentially assume linear relations of root biomass to either shoot or total biomass. For catch crops and weeds the following factors were considered: location, catch crops or weeds, legume based or nonlegume based catch crops, undersowing catch crops or sowing these after harvest of the main crop, and farming system. A manual procedure with backward elimination was used to remove variables that did not contribute significantly based on the Akaike Information Criterion (AIC). The best model was thus selected according to the lowest AIC and significant (P < 0.05) effect of independent variables. Different approaches (allometric functions and various determining factors) for estimating root biomass were tested by leave one out cross validation (LOOCV) based on mean bias error (MBE) and root mean squared error (RMSE). The models chosen for testing were based on the selected models using the stepwise procedure described above. Specific equations are shown as below:
where MBE P and RMSE P means MBE and RMSE of prediction for the selected models for LOOCV with total population of samples as n, P i is the predicted root dry biomass of sample i through the selected model trained by all other samples, and O i is the observed root dry biomass of sample i.
Results
Factors affecting shoot and root biomass
Shoot biomass of cereals was strongly influenced by the quantity of nitrogen applied in mineral fertiliser or manure. The shoot biomass varied between spring and winter cereals, while root biomass varied between years and depended on farming system (organic or conventional) and cereal crop species (Table 4) . Thus shoot and root dry biomass was not closely associated, but influenced by different factors. In addition, the different allometric ratios responded differently to determining factors. Root/shoot ratio was sensitive to the type of farming system, while shoot/root ratio, shoot/all and root/all were influenced by several factors, i.e. year, species, sowing time, farming system and nitrogen rate. Therefore, the most reliable estimates of root biomass depend on farming system and species with higher root biomass in organic compared with conventional systems (Table 5) .
When pooling data over all years and cereal species, the root biomass only responded significantly to farming system, whereas shoot/ root ratio as well as shoot/all and root/all ratios depended mostly on farming system and nitrogen rate.
There were significant differences between catch crops and weeds for both shoot and root biomass (Table 6 ). Root biomass was affected by type of farming system. Root/shoot ratio depended on location and farming system, while shoot/root ratio varied between catch crops and weeds. Shoot/all or root/all ratios were not significantly affected by any factors. 
Root estimation methods
Different methods for estimating root biomass were tested by cross validation and evaluated in terms of MBE P and RMSE P using cross validation (Table 4) . The most reliable predictions of soil root biomass were obtained for cereals using fixed root amount with mean biomass values depending on year, farming system and species giving an RMSE P of only 33 g m −2 (Table 4 ). The second best method was using fixed root biomass depending on farming system and cereal species with RMSE P of 38 g m −2 . Fixed root estimation which only considered farming system provided the simplest estimation, but with a RMSE P of 40 g m −2
. Grouping data according to species, or species and sowing time (autumn or spring) reduced the performance of root biomass prediction (i.e. higher RMSE P of the cross-validation). Estimation of root biomass based on shoot biomass with allometric relations according to root/shoot, shoot/root or even shoot/all (root/all) ratio showed either poorer prediction performance and/or was more complex than using fixed root biomass.
The most reliable estimates of root biomass in catch crops and weeds were obtained by using fixed root biomass for catch crops and weeds separately for different farming systems (Table 6) . Adding factors such as catch crop characteristics (e.g. legume based) did not improve predictions. Similar to the cereal crops, using allometric relationships reduced the prediction accuracy for root biomass in catch crops and weeds.
Fixed root biomass estimation
According to the results above, we suggest using fixed root biomass classified by farming systems and species for cereals, and by farming systems for catch crops and weeds (Table 5 ). Table 7 shows the estimated root biomass by least square means taking into account the most influential factors for cereals (farming systems, species and year), and for catch crops and weeds (farming systems, catch crops or weeds). The root biomass of wheat and barley varied between years from 118 to 199 g m −2
; however, there was consistently higher root biomass in wheat compared with barley (Tables 5 and 7 ). The difference in cereal root biomass between organic and conventional farming was 79 g m −2 (Table 5 ) and 58 g m −2 (Table 7) . Considering the small difference between the arithmetic means (Table 5 ) and the least square means (Table 7) for catch crops and weeds, the unbalanced data collected did not appear to have caused much difference to the estimated root biomass.
Discussion
Factors affecting root biomass
Root biomass of cereal crops, catch crops and weeds was affected by both environmental and management factors (Tables 4 and 6 ). The results showed significant effects of year, species and farming systems on root biomass in cereal crops. For catch crops and weeds, significant differences in root biomass were observed between catch crops and weeds and also between organic and conventional farming systems. We acknowledge the existence of confounding data, which with Table 6 Factors affecting shoot, root biomass and their allometric ratios, and comparison of methods for estimating root biomass of catch crops and weeds using cross-validation (LOOCV). imbalanced data could lead to biased estimates of influential factors on root biomass. However, the analyses clearly pointed to differences in root biomass between farming systems, where data from the same site and year was included for both farming systems. The reason for the observed factors influencing root biomass may be found in how photosynthesized products are allocated between shoots and roots. During the growing period, shoots and roots interact closely to allocate the photosynthesized material from shoots and the absorbed nutrients from roots (Thornley, 1972) . The relative allocation between shoots and roots changes over time in response to the relative need of photosynthesized material and nutrients (Thornley, 1972; Poorter and Nagel, 2000) . Less supply of below-ground resources (e.g. nutrients and water) would induce allocation of more photosynthates to roots, while less aboveground resources (e.g. less light) could cause more allocation to shoots (Thornley, 1972; Poorter and Nagel, 2000) . Thus for any given species, it is the environment and the soil conditions that determines how much can be photosynthesized and how much is allocated to shoots or roots. The ratio between shoot and root biomass is therefore the result of changing allocation patterns during the growing period. The dynamic association between shoots and roots means that allometric ratios are not well suited for calculating root biomass, since the final allometric ratios can be quite variable, especially under stressed environmental and soil nutritional conditions.
Environmental conditions (e.g., radiation, precipitation and temperature) varied between the experimental years (Table 3) . Therefore, the total carbon assimilation, the fraction allocated to roots and root distributions within the soil profile could also differ between years. In our data, the lowest root biomass for cereals in 0-25 cm was observed in 2013, whereas a higher level of root biomass was found for the other years. The spring of 2013 was characterized by drier conditions than for the other years, which may have caused plants to develop deeper roots and less dense roots in the upper soil layer in 2013. This was also indicated by the observed root biomass (data not shown) that showed less difference in root biomass between 2013 and 2014 for the depth 0-60 cm than for 0-20 cm. Genotypic variation between species could cause different specific allocation strategies (Fakhri et al., 1987; Clark et al., 2003) , and thus cause root biomass differences among species. From the aspects of species, catch crops had higher biomass than weeds, because catch crop species were chosen to fit the growing conditions after main crops (Snapp et al., 2005) .
As to farming systems, nutrients, especially nitrogen, in organic farming are less readily available, even though the total input is not always less than in the conventional systems (Stockdale et al., 2002) . This lower availability of nutrients is one of the major causes of relatively higher allocation of photosynthates to roots (Poorter and Nagel, 2000; Lonhienne et al., 2014) .
Differences between root biomass estimation methods
The main objective of this work was to compare root biomass estimation methods, particularly the use of fixed allometric relations versus fixed root biomass. The results showed that using fixed root biomass based on the most influential factors provided the most robust estimation with MBE P close to 0, and generally the lowest RMSE P . Using allometric relations for estimating root biomass resulted in higher MBE P and RMSE P than using fixed root biomass, in terms of both most influential factors and commonly used factors (factors in brackets in Tables 4 and 6 ). Generally, shoot/root ratios provided negative MBE P and lower RMSE P than other ratios. Shoot/all or root/all ratios generally provided positive MBE P and higher RMSE P . Root/shoot ratios generally had a higher positive MBE P and the highest RMSE P .
As discussed above, root biomass of a certain species depends on environmental and management factors. A robust and unbiased estimate of root biomass requires that the MBE P is close to zero and the RMSE P from cross validation is as small as possible. In root/shoot, shoot/root, root/(shoot + root) or shoot/(root + shoot) ratios, either one part (shoot or root) or the total biomass appears as the denominator. The allometric ratios for individual measures may vary greatly due to the variation in either above-or belowground biomass, which may cause biases in the estimation of the mean allometric ratio. Furthermore, with allometric ratios root biomass will be estimated only from observed shoot biomass, and any uncertainty in observed shoot biomass will be translated to uncertainty in root biomass amplified by the uncertainty in the allometric relationship.
Generally, we observed the following relations between organic farming and conventional farming: 1) more shoot biomass associated with less root biomass was found in conventional farming, and the opposite in organic farming; 2) more total (shoot + root) biomass associated with less root biomass in conventional farming, and a relatively more equal distribution between shoots and roots in organic farming; 3) the difference in root biomass between the two farming systems (highest root biomass in organic farming) is generally smaller than that in shoot biomass (highest shoot biomass in conventional farming). If we estimated root biomass with the existence of all these three relations, root biomass would be highly overestimated when using root/shoot ratios, less underestimated when using shoot/root ratios, and less overestimated using root/(root + shoot) ratios. Thus, the highly dynamic relations between shoot and root biomass is affected by the type of farming systems as well as by the actual management. Therefore, root biomass can for the climatic conditions of northern Europe more reliably be estimated using fixed values depending on farming system and plant species rather than assuming a dependency on shoot biomass.
Perspectives
Our results from Denmark show that the most practical and accurate estimates of root biomass are obtained by using fixed root amounts that depend on farming system and species (Table 5) . It would be valuable to have similar analyses for other climatic and soil conditions, and for other types of farming systems. From our results, considering only farming systems for cereals would give almost similar performance. For catch crops and weeds separate fixed values should be used to provide the best estimates. The observed differences in root biomass between years, especially in the upper soil layer, indicate that robust root biomass estimates should be based on measurements over several years.
Most studies on root biomass in cereals have been conducted in conventional farming systems, and our estimates of root biomass generally agree with findings from other studies in northern Europe. As corrected by Eq. (1) to a depth of 0-25 cm: Van Noordwijk et al. (1994) in the Netherlands measured root of winter wheat as 133-154 g m . These values are comparable with our results of 142 ± 30 g m −2 for wheat and 129 ± 19 g m −2 for barley.
In other parts of the world, we would also recommend use of fixed root amounts for estimation for root biomass, because estimated root biomass with allometric ratios from our results are not only inaccurate, but also biased (Tables 4 and 6 ). However, there are also limitations for fixed root estimation, because roots are inadequately sampled across the world. Therefore, in cases where no root biomass observations are available and where climate and soil conditions differ substantially from reference sites, the use of allometric ratios may become inevitable. In such situations, we would recommend use of shoot to root ratio for root biomass estimation (Tables 4 and 6 ), even though shoot to root ratio may induce underestimation of root biomass. In any case, our results clearly point to the need for improving the globally available data on root biomass, and ideally these data should be made available in an open repository for use by both experimentalists and modellers.
Soil carbon sequestration plays a potential role in mitigation of climate change and root biomass contributes with a significant carbon input (Gattinger et al., 2012) . Our results indicate that roots in organic farming systems may contribute more to soil carbon sequestration than in conventional systems. Taghizadeh-Toosi et al. (2016) similarly reported that the root carbon input can be considered constant across different nitrogen fertiliser rates. The estimates of fixed root amount (Table 5) can be used to improve calculations of belowground carbon input in modelling. Assuming the percentage of carbon in roots as 45% (Chirinda et al., 2012) , organic farming would then bring in roughly 0.6 Mg ha −1 more C input than conventional farming from both cereals and catch crops.
Conclusions
A statistical analysis of root biomass data from field experiments in Denmark showed that the use of fixed root biomass provided lower error of prediction for estimation of root biomass than the use of fixed allometric ratios. The most robust estimation of root biomass was found with fixed root biomass depending on farming system and plant type. However, there was some variation between years in root biomass of cereals. There was consistently greater root biomass of cereal crops in organic compared to conventional systems, and there was greater root biomass in wheat compared to barley. The results also showed greater root biomass in catch crops compared with weeds.
